Transplanting embryonic precursors of GABAergic neurons from the medial ganglionic eminence (MGE) into adult mouse spinal cord ameliorates mechanical and thermal hypersensitivity in peripheral nerve injury models of neuropathic pain. Although Fos and transneuronal tracing studies strongly suggest that integration of MGE-derived neurons into host spinal cord circuits underlies recovery of function, the extent to which there is synaptic integration of the transplanted cells has not been established. Here, we used electron microscopic immunocytochemistry to assess directly integration of GFP-expressing MGE-derived neuronal precursors into dorsal horn circuitry in intact, adult mice with short-(5-6 weeks) or long-term (4-6 months) transplants. We detected GFP with pre-embedding avidin-biotin-peroxidase and GABA with post-embedding immunogold labeling. At short and long times post-transplant, we found host-derived synapses on GFP-immunoreactive MGE cells bodies and dendrites. The proportion of dendrites with synaptic input increased from 50% to 80% by 6 months. In all mice, MGE-derived terminals formed synapses with GFP-negative (host) cell bodies and dendrites and, unexpectedly, with some GFP-positive (i.e., MGE-derived) dendrites, possibly reflecting autoapses or cross talk among transplanted neurons. We also observed axoaxonic appositions between MGE and host terminals. Immunogold labeling for GABA confirmed that the transplanted cells were GABAergic and that some transplanted cells received an inhibitory GABAergic input. We conclude that transplanted MGE neurons retain their GABAergic phenotype and integrate dynamically into host-transplant synaptic circuits. Taken together with our previous electrophysiological analyses, we conclude that MGE cells are not GABA pumps, but alleviate pain and itch through synaptic release of GABA. 
| I N TR ODU C TI ON
Neuropathic pain is a debilitating chronic condition that results from injury to either peripheral or central neurons. Its hallmarks are ongoing, often burning, pain as well as mechanical and thermal hypersensitivity.
Although many factors contribute to the neuropathic pain state, particular attention has focused on loss of dorsal horn GABAergic inhibitory control following peripheral nerve injury. Deficits in dorsal horn inhibition include decreased expression of glutamic acid decarboxylase (GAD), the GABA-synthesizing enzyme (J. M. Braz et al., 2012; Moore et al., 2002) , altered chloride gradients that reduce GABA-mediated hyperpolarization (Coull et al., 2005) and changes in pre-and postsynaptic GABA receptors (Fukuoka et al., 1998) . Predictably, traditional pharmacotherapy for neuropathic pain involves anti-convulsant drugs that enhance inhibition and reduce hyperexcitability. Unfortunately, adverse side effects from systemic drug administration limit the efficacy of these treatments.
We recently reported that an approach directed at the underlying etiology of neuropathic pain could have beneficial effects and potentially be disease-modifying (J. Braz, Solorzano, Wang, & Basbaum, and heat hyperalgesia in two mouse models of neuropathic pain. Based on Fos expression in transplanted neurons induced by noxious stimuli, we suggested that the functional improvement resulted from integration of the transplanted cells into host dorsal horn circuitry. Consistent with this conclusion, we recently demonstrated that optogenetic stimulation of sensory neurons activates transplanted neurons and that optogenetic stimulation of the transplants results in GABA A receptormediated inhibition of host neurons (Etlin et al., 2016) . Finally, we studied mice in which the gene that encodes the vesicular GABA transporter had been deleted. In these mice, the transplanted cells survive but are ineffective, confirming that transplant-derived GABA is essential for the anti-hyperalgesic effects of the MGE cells (J. M. Braz et al., 2015) . Based on these findings, we concluded that the beneficial effects of the transplants reflected the establishment of new inhibitory dorsal horn circuits in the host. This conclusion differs significantly from the hypothesis that transplants ameliorate neuropathic pain because they act as cell-based GABAergic pumps.
To establish unequivocally that transplanted neurons integrate into host circuitry requires demonstration of synaptic interactions between transplanted MGE-derived neurons and the host. In the present study, we used electron microscopic immunocytochemistry to address this question directly. We show that GFP-immunoreactive MGE cells transplanted into the dorsal horn of naive adult mice form synapses with host (GFP-negative) neurons and that synaptic integration increases substantially between 6 weeks and 6 months after transplantation. GABA immunogold labeling confirmed that the GFP-expressing MGE cells are GABAergic, are under host inhibitory control and, unexpectedly, communicate with each other. From these observations, we conclude (1) that MGE cells undergo synaptic integration into host spinal cord circuitry, even in the absence of nerve injury, and (2) that circuits formed between the host and the transplant are dynamic and evolve over time. Our findings demonstrate a remarkable synaptic plasticity in the normal, uninjured adult spinal cord and establish the anatomical basis for the antihyperalgesic effects produced by GABAergic progenitor cell transplants.
| M E TH ODS
The Institutional Care and Animal Use Committee at the University of California San Francisco reviewed and approved all experiments.
| Transplantation of cells isolated from the medial ganglionic eminence (MGE)
MGE cells were harvested at embryonic day 12.5-13.5 from GAD-GFP transgenic mice in which GFP expression is driven by the GAD67 promoter (Gad1tm1.1Tama; J. M. Braz et al., 2012; Tamamaki et al., 2003) .
Transplants were performed as previously described (J. M. Braz et al., 2012) in naïve 6-8 week-old male or female mice of the same genetic background as the MGE donors (CD1xC57BL6/J). After anesthetizing the recipient mouse with intraperitoneal ketamine (60 mg/kg)/xylazine (8 mg/kg), we exposed a 1.5-2 mm length of the lumbar enlargement through a dorsal hemilaminectomy and incised and reflected the dura mater. We used a glass micropipette and a microinjection apparatus to make four injections of the MGE cell suspension into the dorsal horn of naïve mice, each of which received a total of 5 3 10 4 MGE cells. After wound closure and recovery from the anesthetic, the mouse was returned to its home cage. Mice with transplants were perfused at short (5-6 weeks; n 5 6), or long (19 or 26 weeks; n 5 3) times after the transplantation surgery. Motor function was not impaired in any of the mice.
| Tissue processing
Six mice with short-term MGE transplants (5-6 weeks) and six mice with long-term MGE transplants (5-6 months) were deeply anesthetized with 2.5% avertin and perfused transcardially with 10 ml of DMEM/F12 tissue culture medium (Catalogue #D-8900; Sigma-Aldrich, St Louis, MO) followed by 30 ml of 4% formaldehyde, 0.3% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4. We removed perfused spinal cords and prepared approximately 4 mm long blocks that were centered on the transplant site. Spinal segments containing the MGE transplant were post-fixed overnight at 48C. Segments from 1 to 3 mice were embedded together in albumin-gelatin (Llewellyn-Smith et al., 2007) , which was hardened in phosphate-buffered 4% formaldehyde for 30 min at room temperature and then sectioned transversely at 50 mm on a Vibratome. Two adult GAD-GFP transgenic mice were perfused and processed as for the mice with MGE transplants. We cut 50 mm transverse or sagittal Vibratome sections of the albumin-gelatin embedded cords from the GAD-GFP transgenic mice and 50 mm transverse Vibratome sections of their brains.
| Pre-embedding immunocytochemistry to localize GFP
To prepare sections for ultrastructural analysis, we used our standard electron microscopic immunocytochemical protocol, which ensures that immunoreagents penetrate completely through a 50 lm thick Vibratome section (Llewellyn-Smith & Minson, 1992) . Briefly, the sections were first washed for 2 hr in 50% ethanol in distilled water to improve antibody penetration and then incubated in 10% normal horse serum (NHS; Invitrogen) diluted with 10 mM Tris, 0.9% NaCl, 0.05% thimerosal in 10 mM phosphate buffer, pH 7.4 (TPBS), for 30 min to block nonspecific antibody binding. Sections were then incubated in a 1:10,000 or 1:20,000 dilution of chicken anti-GFP antiserum (Abcam, Cambridge, MA; For light microscopic (LM) analysis, we examined immunostained sections from 1 of the mice with a short-term MGE transplant, from one of the mice with a long-term transplant and from the two GAD-GFP transgenic mice. Because the dendrites of GFP-positive cortical neurons from GAD-GFP transgenic mice were faintly stained after immunohistochemistry, we enhanced the peroxidase reaction product by osmication.
Forebrain sections were dried onto chrome alum-gelatine coated slides, washed 2 3 5 min in distilled water and exposed to 0.05% aqueous Wageningen, The Netherlands), 5% normal goat serum, 0.25% cold water fish skin gelatin, 10 mM Tris, 0.09% NaCl, 0.05% Triton X-100 and 0.05% thimerosal in 10 mM phosphate buffer, pH 7.3. Grids were then incubated overnight in a well-characterized rabbit polyclonal anti-GABA antiserum (Sigma; Table 1) diluted 1:1,000 with blocking buffer and subsequently washed for 10 min in blocking buffer followed by 3 3 5 min washes in phosphate-buffered saline (PBS). Next, we incubated the grids for 2 hr in goat anti-rabbit IgG conjugated to 10nm gold particles (Catalogue # 810.011, Aurion) diluted 1:30 with blocking buffer. After final washes in blocking buffer and PBS as above, the grids were dried and then examined in the electron microscope. All steps were done at room temperature.
| Data collection and analysis
Sections stained for LM were examined with an Olympus BX53F microscope fitted with UPLSAPO objectives. We obtained digital images of the sections with an Olympus DP72 camera and Olympus cellSens Entry version 1.6 software.
Ultrathin sections were examined and photographed with a JEOL 100CXII transmission electron microscope and a beam current of 80 kV. In sections from 5 of the 6 mice with short-term (5-6-week) transplants and from 2 of the mice with long-term (5-6-month) transplants, we counted synapses and direct contacts that MGE-derived GFPimmunoreactive neurons either made with unlabeled, presumptive host neurons or received from them. We recognize that an unlabeled profile may derive from transplanted MGE cells. However, given the complete penetration of immunoreagents that our immunocytochemical protocol produces, we believe that the great majority, if not all, unlabeled profiles are indeed host-derived. We classified a terminal apposing a GFP-immunoreactive cell body or dendrite as a synapse when vesicles were clustered pre-synaptically, a membrane specialization was present post-synaptically and/or there was a widened synaptic cleft. A terminal was classified as making a direct contact when vesicles were clustered pre-synaptically with neither a post-synaptic membrane specialization nor a widened synaptic cleft.
To avoid double counting, we assessed interactions between MGE-derived (GFP-positive) and host (GFP-negative) neurons in one ultrathin section from 1 to 3 blocks from each mouse. The blocks for counting contained the dorsal horn (usually laminae III-V) close to the center of the transplant, where the density of GFP-immunoreactive elements was highest. We focused on GFP-immunoreactive dendrites as these were the most commonly encountered structure derived from the transplanted MGE cells. In each mouse, we examined at least 70 GFP-immunostained dendrites and quantified the number of synapses or direct contacts that each received. In 2 of the mice with short-term transplants and in the two mice with long-term transplants, we estimated density of synaptic input by recording whether each dendrite received 1 or more synaptic inputs. We also counted synapses and direct contacts from unlabeled axons onto GFP-stained cell bodies as well as direct interactions between GFP-labeled axons and unlabeled dendrites, somata or axons. 
| Figure preparation

| Morphology of MGE-derived neurons
In sections that were fixed and stained for EM and then mounted onto slides without osmication for viewing by LM (Figure 1) , the transplanted neurons resembled cortical GABAergic neurons, with the majority having small round cell bodies and fine dendrites. This morphology was best appreciated in neurons that lay distant from the center of the MGE cell injection site, where transplanted neurons were more dispersed, and in deeper laminae of the dorsal horn (Figure 1b, f) .
In the superficial dorsal horn, the dendritic arbors of GFP-positive neurons appeared to be constrained by the boundaries of the grey matter We observed GFP-immunoreactivity in vesicle-containing axon terminals, in lightly myelinated axons of small diameter (483 6 37 nm, mean 6 SD; n 5 6) and in small diameter (250 nm) presumptive intervaricose axonal segments (Figures 4-9 ). Most synaptic vesicles in transplant-derived terminals were small, round and clear. In lightly labeled terminals, we also found an occasional large dense-cored vesicle ( Figures   4d, 9a) , consistent with our previous observation that GABAergic MGE cells co-express neuropeptides (e.g., somatostatin J. M. Braz et al., 2012) .
Finally, in regions close to the injection site, we also observed GFPimmunoreactive somata and dendrites surrounded by glial processes, which we identified by the presence of many 10 nm filaments ( Figures   3b, e, 4c , 5b). When glial processes were thin, 2-3 layers could surround a GFP-labeled soma or dendrite (e.g., Figure 3d ). We presume that the abundance of glial elements near injection sites reflects gliosis due to the unavoidable transplant surgery-associated damage to the host.
| Synaptic input from the host to transplanted neurons
In mice with both short-and long-term transplants, MGE neurons This initial qualitative analysis of host input onto the transplanted MGE cells suggested that the integration of the transplant into host circuits is dynamic. We quantified these changes in 5 mice with shortterm transplants and in 2 mice with long-term transplants. Table 2 shows that, in the 5 mice with short-term (5-6-week) transplants, about half of the GFP-positive dendrites received a synapse or direct contact from an unlabeled host axon terminal. In the two mice with long-term (5-6-month) transplants, the proportion of GFP-labeled dendrites receiving GFP-negative (host) synaptic input was higher, close to 80%. Moreover, the number of dendrites that received input from 2 or more host terminals increased from 7 and 10% of all dendrites in 2 mice at 5-6 weeks post-transplantation to 20% and 50% in the 2 mice at 5-6 months after surgery. These data suggest that not only is there an increase in the number of dendrites that receive host inputs but also in the number of host inputs per dendrite. Taken together, these quantitative data show that host-transplant synaptic interactions evolve over time and specifically that there is a time-dependent increase in axodendritic and axosomatic input from the host to the MGE neurons.
3.5 | Synaptic output from transplanted neurons 3.5.1 | Transplant-on-host synapses
At both short and long times post-transplantation, we found synapses and direct contacts from the transplant onto the host, including axosomatic, axodendritic and occasional axoaxonic inputs (Figures 6-7) . The majority of the axodendritic and axosomatic synaptic contacts were symmetric. There were also a few GFP-stained boutons that made synapses on spines that arose from unlabeled dendrites (Figure 7c ) and some of these spines received a convergent synaptic input from the host.
In one of the mice with a long-term transplant, we sampled a large enough population of GFP-immunoreactive terminals in a single section so that we could quantify the synaptic targets of the MGE neurons. In this mouse, 53 of 78 (67.9%) GFP-labeled axon terminals directly contacted or synapsed on dendrites, almost all of which were small diameter. One of these GFP-positive terminals provided input to a spine.
Thirteen (16.7%) MGE-derived terminals made a contact or synapse on a GFP-negative cell body and 6 (7.7%) made axoaxonic contacts with GFP-negative axon terminals. One of these axoaxonic contacts also directly apposed an adjacent GFP-negative cell body. We could not identify the synaptic target of the remaining 6 (7.7%) MGE-derived axons terminals.
| Transplant on transplant synapses
Remarkably, we also discovered that transplanted neurons occasionally provided synaptic input to other transplanted neurons (Figure 9e, f) . All of the MGE-on-MGE synapses and direct contacts that we encountered were axodendritic. . Although a synaptic specialization is not apparent, there is no intervening glial process between the transplantderived terminal and the scalloped terminal, suggesting that the MGE terminal is presynaptic to the host terminal. Scale bars: 500 nm
| Transplants in synaptic glomeruli
In mice with short and long-term transplants, we identified a few GFPimmunoreactive dendrites and axon terminals that were part of synaptic glomeruli (Basbaum, Glazer, & Oertel, 1986; Ribeiro-da-Silva, Tagari, & Cuello, 1989) , in which multiple terminals and dendrites of the GFPnegative host and GFP-positive transplant intermingled. In these glomeruli, we found examples of GFP-labeled MGE-derived dendrites post-synaptic to unlabeled (host) scalloped, central terminals, which are characteristic of primary afferents (Figure 8a) . In one glomerulus, we observed an MGE-derived axon terminal in direct contact with an unlabeled scalloped terminal (Figure 8b ). The absence of an intervening glial process suggests strongly that the MGE derived terminal is presynaptic to the host terminal.
| Interaction between GABAergic host circuits and MGE transplants
In mice with both short-and long-term transplants, post-embedding immunogold staining to localize GABA-immunoreactivity allowed us to identify the neurotransmitter phenotype of lightly GFP-immunolabeled MGE-derived profiles (Figure 9 ). MGE terminals were GABA-gold labeled and formed synapses on unlabeled, presumptive host dendrites (Figure 9a, d ) as well as direct contacts on GFP-negative axons ( Figure   9b , g, h). These findings are consistent with our previous conclusion that the transplanted cells are indeed GABAergic. In addition, as expected, we found significant numbers of host terminals with GABAgold labeling. Surprisingly, we observed GFP-negative, GABA-gold labeled terminals forming synapses on the dendrites (Figure 10a were direct contacts without a clear cut postsynaptic density ( Figure   10e ). This intrinsic inhibitory synaptic input to transplanted MGE neurons was present in mice with both short- (Figure 10a -e) and longterm transplants (Figure 10f ). Finally, we found GABA-gold staining on MGE terminals that were presynaptic to MGE dendrites (Figure 9c , e, f). Taken together, these complex GABAergic synaptic relationships support our view that the integration of the transplants into the host circuitry is a random process, which can result in host inhibitory control of the transplanted cells.
| D ISC USSION
A major question concerning the ability of MGE transplants to ameliorate neurological dysfunction, from epilepsy to chronic pain and chronic itch, is whether the transplants integrate synaptically into host circuitry or whether they function as sophisticated, cell-based GABAergic pumps. We previously suggested that integration of the transplanted MGE cells into host circuitry is, in fact, an essential component of the antihyperalgesic and antipruritic effects of the transplants (J. Braz et al., 2012 Braz et al., , 2015 . Our conclusions were based on the trans- 
| Complexity of the synaptic integration of transplanted MGE cells
The synaptic reorganization that we report here is heterogeneous and involves extensive interactions between MGE cells and local circuit neurons and primary afferent terminals in the dorsal horn. We found synaptic contacts from scalloped terminals onto MGE-derived, GFPpositive dendrites. These contacts involved multiple, unlabeled dendrites, a glomerular synaptic assembly characteristic of primary afferent terminals (Basbaum et al., 1986; Ribeiro-da-Silva et al., 1989) . This ultrastructural arrangement is consistent with our recent finding that optogenetic stimulation of TRPV1-expressing, unmyelinated afferents monosynaptically activates transplanted cells (Etlin et al., 2016) . Conversely, we also observed axoaxonic appositions between MGE and presumptive host terminals, including a GFP-immunoreactive terminal that likely formed a synapse onto a scalloped terminal at the center of a synaptic glomerulus. Although a clear postsynaptic density was not apparent, this synaptic arrangement is characteristic of the structural basis for presynaptic inhibition of primary afferents by GABAergic inputs (Basbaum et al., 1986) . Of particular note is the complexity of the GABAergic inhibitory circuits engaged by the MGE cells. For example, in our double labeling study, we observed GFP-negative, GABA-labeled terminals synapsing onto MGE processes that were labeled for both GFP and GABA. We presume that the host GABAergic interneurons provide most of this presynaptic GABAergic input to the MGE cells, although some synapses may also derive from spinally projecting GABAergic neurons in the medulla (Cho & Basbaum, 1991; Francois et al., 2017) . Regardless of the origin of the inputs to the MGE cells, these complex synaptic relationships demonstrate that the transplants, in addition to being activated by primary afferents, are also under inhibitory control (feedback inhibition) from local host circuitry. We suggest that these connections are part of a GABAstat circuit that maintains the transplant's endogenous inhibitory tone at levels that are normal for the host spinal cord. In agreement with this hypothesis, MGE cells normalize GAD mRNA levels and have no effect on baseline mechanical thresholds when trans- 
| Structural plasticity of the adult spinal cord
Numerous anatomical and electrophysiological studies have demonstrated reorganization of the central nervous system after brain injury (Emery, Royo, Fischer, Saatman, & McIntosh, 2003; Young, 2014) , including the ability of transplants to re-innervate denervated neurons (Raisman & Field, 1990; Schwab, 2002) . In those studies, however, the magnitude of the regenerative plasticity was limited and likely shortlived (J. Silver, Schwab, & Popovich, 2015) . In contrast, the long-term, transplant-mediated recovery of function that we observed in models of neuropathic pain and itch presumably reflects persistent collateral sprouting and synaptic plasticity between the host and transplant. The ability of the MGE transplants to form new synapses in the spinal cord can, in part, be attributed to their embryonic derivation, which endows them with a high intrinsic capacity for growth (Baraban et al., 2009; Goslin, Schreyer, Skene, & Banker, 1990; Thompson, Grealish, Kirik, & Bjorklund, 2009 ). On the other hand, the anatomical and functional synaptic connections from the host to the transplant also provide excellent examples of structural plasticity, that is, axonal growth and synaptic reorganization of uninjured host neurons (Holtmaat & Svoboda, 2009; Merzenich, Van Vleet, & Nahum, 2014; Sirevaag & Greenough, 1988) .
Although structural plasticity reportedly can occur in association with learning and experience, where it is undoubtedly beneficial, there are few reports of behavioral manifestations of structural plasticity in the absence of significant injury. We appreciate that de novo synapse formation with the transplanted cells did not occur in a completely normal spinal cord because the transplant needle undoubtedly produced some damage. Nevertheless, comparable injury in the cortex produced very limited sprouting (Blizzard et al., 2011) . Furthermore, although biochemical consequences of the injury may facilitate growth by host neurons, most studies emphasize the plethora of inhibitory factors associated with CNS injury, including astrocytic scars and growthinhibiting molecules, such as semaphorins and chondroitin sulfate proteoglycans (Fawcett, 2015; D. J. Silver & Silver, 2014; J. Silver et al., 2015; Sun & He, 2010) . Taken together with the fact that transplants performed in uninjured spinal cord can prevent the mechanical hypersensitivity produced by subsequent nerve injury (Etlin et al., 2016) , our demonstration of extensive synaptic reorganization in the largely intact spinal cord provides some of the most powerful evidence that structural plasticity in the adult spinal cord can have significant behavioral consequences.
The structural plasticity that we observed is particularly impressive
given that the normal environment of the transplanted cells is the cerebral cortex and that the cells appear to retain their cortical phenotypes.
Specifically, the MGE cells express somatostatin (J. M. Braz et al., 2012; Etlin et al., 2016) , which is characteristic of some cortical, but not spinal cord, GABAergic interneurons. In the present report we also demonstrate that the morphology of the transplanted cells is comparable to cortical GAD-GFP interneurons in transgenic GAD-GFP mice, with round cell bodies and widely ramifying dendrites. Importantly, we found that synaptic reorganization was not limited to the transplanted MGE cell body, which most commonly was located in the deep dorsal horn, but also occurred in relation to transplant-derived dendrites and axons that arborized hundreds of micrometers from their MGE cell bodies of origin.
Finally, our hypothesis that transplant integration establishes a
GABAstat that is somehow sensitive to intrinsic levels of GABA within the host dorsal horn and adjusts inhibitory control to a level that maintains normal baseline mechanical thresholds has interesting parallels with a proposal from the structural plasticity literature. Specifically, some forms of experience-dependent structural plasticity, notably the de novo formation of multisynaptic boutons, serves to regulate neural network homeostasis in the mammalian cortex (Holtmaat & Svoboda, 2009) . The presence of spinal cord terminals that form synapses with both transplant and host dendrites suggests that comparable forms of structural plasticity occur not only in response to experience but also after transplantation of embryonic cells into the normal, intact adult spinal cord.
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